In this paper, we compute the massive modes of scalar and gauge fields in a multiply warped braneworld scenario in six-dimensional spacetime with a Freedman-Robertson-Walker (FRW) metric. The massive Kaluza-Klein (KK) modes of the fields are split in two mass towers due to the presence of the warped in both dimensions. This does not occurs in the standard Randall-Sundrum (RS) model. We investigate the dependence of the mass spectrum on Hubble constant. Lighter massive modes of the fields are found, whereby it is possible to infer that scalar and bosonic matter can directly influence in universe expansion.
Introduction
Kaluza and Klein (KK) attempted to unify the general relativity and electromagnetism theories by adding an extra compact dimension to the ordinary spacetime. This initial effort was considered as inconsistent and was fastly descarted by scientific community.
Extra dimension theories have attracted interest of researchers again in the early eighties of the twentieth century, with the rise of the string theory as a quantum theory of the gravitational field. New approaches of extra dimension theories have been proposed in this context, with interesting consequences in theories of elementary particles and cosmology [1, 2, 3] .
The spacetime in these higher dimensional models is generally taken as a product of a four-dimensional spacetime as well as a variety of n compact dimensions [4] . While the gravity can propagates freely through the extra dimensions the particles in Standard Model (SM) are confined into spacetime in four dimensions. In add, the effective Planck scale is measured by the observers in this four-dimensional boundary as M 2 P l = M n+2 V n , where V n is the volume of the compact space. If V is sufficiently large, we can take TeV order to Planck scale. Thus, it is possible to remove the hierarchy between the Planck scale and V n weak scale.
Randall and Sundrum solved the hierarchy problem proposing a new scenario with a non-factorizable geometry, and five dimensions with an exponential suppression of the Planck scale [5, 6] . This naturally generates the energy of the Standard Model (SM) of particles that solve the problem of the great desert between the energy scales, with physical consequences in the own model due to resonances of the order of the energy scale (TeV) in the form of graviton (KK) excitations that can be detected in experiments of particle collisions.
We have know that universe comprehension and its evolution became most scientifically clear after the studies advance of cosmological brane approaches, and new research directions in cosmology are open due to the new perception envolving extra-dimensional theories [7, 8, 9, 10, 11, 12] . But there are other important problems to be solved and new challenges in area.
It is important to stress some aspects on brane theories, i. e., the brane should be consistently embedded into a higher bulk space, and the theory is only appropriate if the cosmological evolution of the universe occurs in the brane. One of the main problems that we have seen in earlier brane cosmology models, it is to recover the standard cosmology in the brane due to the strain that bulk apply one. Thus, this modify the cosmology of the universe. See more details on the physical principles of branes in Ref. [13, 14] .
In this paper, we study the behavior of the mass spectrum of scalar field and gauge boson in a geometrically doubly warped of six-dimensional brane-world in order to verify if there is some difference between known static models and the extra-dimensional theories taken here.
This work is organizaded as follows: in section 2 we review the main features of the universe expansion in a spacetime taking (5+1)-dimensions, with double warped factor. In section 3, the influence of this background in the mass spectrum of the scalar field is analyzed. In section 4, using the same methodology of previous section, we also investigate the background influence in a vector field. As it turns, in section 5 we summarize our main findings and draw some perspectives.
Expansion in six-dimensional doubly warped spacetime
The absence of fine-tuning between the tensions in the branes and the bulk cosmological constant provide mathematical and physical simplifications in the six-dimensional spacetime brane-world models, introducing stability under the system, etc [15, 16, 17] .
Over the last decades, several models of 2-codimension with different geometries have been proposed to solve some problems of elementary particles and cosmology that keeping unsolved in standard model [18, 19, 20] .
Debajyoti Choudhury et al [21] published an important work aimed to investigate phenomenological consequences including an explanation for the observed hierarchy in the masses of standard model fermions, where in a static scenario the bulk AdS is (5 + 1)-dimensional in which two extra dimensions are compacted in the form of circles with Z 2 symmetry. Einstein's equations emerging from the geometry in six-dimensions, whereby the 2-codimension solution present a doubly warped metric. This approach provides a hyperbolic warped of the metric in the two extra dimensions, which does not happen in RS standard model.
Due to the two orbifolds, we have a scenario with four intersecting points, forming a picture that reminds a box. The walls of this box are (4 + 1)-branes, while in the intersecting points there are (3 + 1)-branes. We can identify one of the intersecting points as being the Planck brane and other of these points as our (3+1) universe.
Thus, we are limited to live on one intersecting point of the spacetime with a double warped factor. The two remaining points are (3 + 1)-branes in some energy range between Planck and Tev scales. In a reduction dimensinal process from Planck to Tev scale, the fields of the standard model leads a split mass due to the doubly warped geometry.
Let us explore the cosmological consequences that appears in this geometry, where the background is given by the manifold:
Considering two consecutives orbifolds along the two extra dimensions in a bulk Ads (5 + 1), it is possible to obtain a configuration of a box-like spacetime [22] .
To simplifying the model it is relavant assumes that our universe is homogeneous and isotropic (one of the considered 3-branes), with flat spatial dimensions. The universe expansion is described by a scale factor on a function of the compact coordinates.
Let us define the follows notation: in non-compacted coordinates, for x µ we have µ = 0, 1, 2, 3. Besides, the spacetime index are defined as M , N , with values M , N = 0, 1, 2, 3, 4, 5, where x 4 = y and x 5 = z, with fixed points of the orbifolds to which the 4-branes. These are located in x 4 = 0, π and x 5 = 0, π. In this approach two 4-brane intersecting forming in the region a 3-brane at the points, denoted by x 4 , x 5 → (0, 0), (0, π), (π, 0), (π, π).
As the Poincaré symmetry shoud be preserved in the (3 + 1) -dimensional branes, the line element is restricted to the form
where R and r are the moduli along the compacted coordinates y and z, respectively. The total action of the background is given by
The tensions in the branes, V i with (i = 1, ..., 4), is dependent on the coordinates of the extra dimensions. The induced metrics g 4 andg 5 in five dimensions in S 5 , form a box-like spacetime. The matter lagrangians in the dimensions y, z of the 4-brane are L 1 , L 2 , L 3 , and L 4 . The four flat 3-branes that exist at the intersection of two 4-branes are related to S 4 and λ that are their respective tensions.
The matter content in the branes is described by the perfect fluid approximation, where the energy density is ρ, and the pressure of the fluid is p. Here, we are interested in cosmological effects. By varying the action S, we obtain the following Einstein's equation in six dimensional:
where g 4 ,g 5 , T andT respectively the metrics and the energy momentum tensors on the (4 + 1)-branes.
By substituting the Eq. 1 in Eq. 3 and considering only the gravitational part, it is possible to obtain the below equations after some simple algebraic manipulations
where H 0 and d 0 are integration constants.
We have presented so far the necessary mathematical tools in order to calculate the mass spectrum for scalar and gauge fields, addressed in the next sections.
Mass spectrum of scalar field
Using a static methotodology Ratna Koley et al obtained the mass spectrum in a six-dimensional brane-world models, considering approximations to the behavior of massive modes [23] . In this section, we analyze the massive modes of the scalar field in expanding universe taking the background given by Eq. 1 without any approximation. Exact Legendre's associated functions are presented. The action of the massless scalar field, Φ (x µ , y, z), in our background is given by
The variational minimum principle applied in above action provides the equation of motion
After a dimensional reduction procedure, we can obtain the equation that provides the effective temporal dynamics of the massive modes for the scalar field. Making the (KK) decomposition of the scalar field through the modes sum
and by substituting the Eq. 11 in Eq. 10, we find
and
whereg 00 = −1,g ij = V 2 (t)δ ij is the FRW metric and M 2 ij is the effective mass seen by an observer in the 3-brane. Now, replacing the warped factor B (z) in Eq. 13, we have
In order to solve the above equation, the following transformation is necessary
Therefore, after little algebraic manipulations in Eq. 15
where
The expression 17 is Legendre's associated equation (see Ref. [24] ). What is more, the solution of Eq. 15 is given by
where P j (z) = P 5/2 αj (tanh(kz)) sech 5/2 (kz)
Q j (z) = Q 5/2 αj (tanh(kz)) sech 5/2 (kz).
Solving Eq. 14 the same way the Eq. 13, and by replacing the warped factor A (y) in the field equation of the component y, it is possible to obtain
Applying the transformations
we obtain
If M ij /H 0 > 3/2, then
Then, we have the solution of Eq. 22 given by
In the case of six dimensions, we observe that the massives modes are given by Legendre's associated functions [25] . See that is not necessary taken a fixed order. This occurs due to α j order assumes different values in j distincts, i. e., M j is dependent of α j . Then, the (KK) M ij spectrum depend on each mass split with z direction.
The resonances of (KK) that permeate the effective theory in 4-D are obtained by applying the four boundary conditions in two solutions of Legendre's functions given by Eqs. 19 and 32. Observe that these conditions are applied taking the derivative of the functions that vanish at fixed points (z = 0, π), and (y = 0, π).
Taking the derivation of χ j (z) function on z, and applying the boundary conditions (z = 0, π) and (y = 0, π), we have
The Eq. 33 can be rewrite in a matrix form as follows
A non trivial solution is obtained by imposing the
Therefore, we obtain the following equation for the mass spectrum of the component z in which the roots are the α j .
The same way can be used to compute the massive modes with y component, providing γ ij roots. For complex γ ij , we have
To clearly illustrate the dependence of the massive modes in relation to Hubble constant we produce the table 1, whereby the numerical values for the mass spectrum of the scalar field with the cosmological metric can be seen. A widely discussion is in section 2 (see Eq. 1). Table 2 shows the numerical values provided of the our exact solution considering the same static background addressed in Ref. [23] in which is presented the massive modes taking approximative solution methods. The theoretical values of mass shown in tab 1 are out of the measurable energy scales in the current particle accelerator. However, such massive modes do not have scales so distant from measurable energies, which suggest that calculated masses can be opportunely mensured with advances particle accelerator and particle astrophysics. Besides, our findings of existence of resonant modes reveal the possible physical reasons that explain the accelerated process of universe expansion without consider eventual existence of dark matter and energy. Exact solution methodology presented here is also a very interesting result in the used extra dimensional theory because it is possible to compute the spectrum without any heuristic argument. The first-order of Legendre's function in the cosmological background provides from M 3j to M 6j lighter modes than those found in static metric. Although we have found some mass espectrum heavier to cosmological case when compared to the static (see tables 1 and table 2). Second-order of Legendre's function provides M 2j , M 3j and M 6j modes lighter in relation to static bakckgroud. With order increasing of M ij /H 0 ratio the modes becomes heavier than in static case.
The numerical values of table 2 obtained of the exact solution are heavier than that calculated values provided in approximative solution in Ref. [23] . In this case, unlike the used background of table 1 the resonant modes would be more hard to detect in high energy physics experiments.
Massive spectrum of gauge boson
In this section, we consider a massless vector gauge field theory in six dimensions taking the cosmological effects already discussed in previous sections. The invariant action can be written as where, g is the determinant of the metric given by Eq. 1, and F MN = ∂ M X N − ∂ N X M is the gauge field strength.
By varying the action we obtain the equation of motion for the gauge field
We can choose a gauge in which A 4 = A 5 = 0. Making the (KK) decomposition of the scalar field through the modes sum
and by substituting in Eq. (38), it is possible to obtain
where M pl is the effective mass in 3-brane given by
To find the effective mass we solve the ordinary differential equations for each independent variable, and so we have
Here, M l is the mass parameter that is determined by solving the equation for ζ(z) that is used to determine the M pl mass through the expression 42, and by replacing warped factor B (z)
In order to solve the differential given by expression 44, we make the follow coordinate changes
Therefore, the same way the previous section we have
Then, the solution of the Eq. 44 is given by
where P l (z) = P 3/2 µ l (tanh(kz)) sech 3/2 (kz) (49)
Using the same procedure previously addressed in section 3 for the Eq. (43), we can obtain
Following transformation can be used to simplifying the above equation
Besides, if M pl > 1/2, then
From the Eq. 55, as the β pl is a complex number the gauge boson is real, and the solution of Eq. 51 is given by
Te same form taken for scalar field the derivation of χ j (z) function on z, and the applying the boundary conditions (z = 0, π) and (y = 0, π) is convenient
or in a matrix form
A non trivial solution require
Therefore, the mass spectrum of the z component is determined in Eq. 62, where the roots are the µ l (see Eq. 47). The same mode in y provides
where the roots are β pl . There is a dependence between the effective mass of the gauge boson and the background Hubble constant given by
The numerical values of massive modes are shown in table 3, considering the cosmological background. Table 4 shows the values for exact solution in the static scenario. It is worthy to emphasize that all massive modes to vector field taking cosmological effects are lighter when compared to static case, as can seen in tables 3 and 4. We have know that lighter massive modes in high energy physics to gauge fields is intimately related to the previous baryogenesis of universe. In particular, we hope that lighter massives modes found here can be also associated to matter content in some stage of the universe expansion. In one way, our finding elucidate clearly elucidate some aspects do not addressed in the cosmological standard model.
Concluding remarks
In short, we have used an extra-dimensional theory taking a geometrically doubly warped of six-dimensional in order to investigate the behavior of the mass spectrum and its differences by comparing cosmological and static models.
Exact solutions without consider any heuristic argument with scalar and vector fields are presented to analyse the massive modes in that extra-dimensional theory, always compared to static backgrounds in both fields.
Our main findings of existence of resonant modes clearly explain the accelerated process of universe expansion without consider eventual existence of dark matter and energy. Lighter modes than those calculated in static metric are found from M 3j to M 6j using a cosmological background to scalar field. Besides, we have found some mass espectrum heavier to cosmological case when compared to the static. The second-order of Legendre's function provides M 2j , M 3j and M 6j modes lighter in relation to static case, and with order increasing of M ij /H 0 ratio the modes becomes heavier than in static case.
It is interesting to stress that all massive modes to vector field taking cosmological effects are lighter when compared to static case. The lighter massives modes computed here to vector field with cosmological effects can be also associated to matter content in some stage of the universe expansion as well as this clearly elucidate some aspects not addressed in the cosmological standard model. We hope that the present work can stimulate further contributions using others backgrounds as well as serve of protocol in order to investigate the fermionic matter, Kalb-Ramond field, among others, and contributes to better understand relevant features of universe expansion.
